Vascular tissue in plants is unique due to its diverse and dynamic cellular patterns. Through research in several organisms, such as Arabidopsis, Populus and Zinnia, using biochemical, genetic and genomic approaches, significant progress has recently been made in revealing the molecular nature of several signals underlying the patterning of vascular tissue. These signals include ligands, receptors and transcriptional regulators. The future challenge is to understand how the identified signals work together to control vascular morphogenesis.
Vascular development begins during embryogenesis when specific sets of asymmetric cell divisions establish the innermost domain of the embryo [1, 2] . Depending on the plant organ, vascular tissue has a variable number of cell types. The basic tissue types are xylem (which conducts water from the root to the photosynthetic tissues), phloem (which conducts photosynthetic products to the roots) and (pro)cambium (which is the source of pluripotent cells that proliferate the daughter cells, which subsequently differentiate as xylem or phloem). The activity of the vascular cambium as a stem cell population is very pronounced in trees that show extensive radial growth.
Significant progress in understanding the molecular control of the radial vascular pattern has recently been made using four distinct approaches. Several studies in tree species have exploited the fact that the stem cell population in the vascular cambium of trees can be physically dissected by cryosectioning. In this way, Uggla et al. [3] have shown that there is an auxin gradient across the cambium, so that in the undifferentiated cambial zone between the differentiating phloem and xylem there is an auxin maximum. Accordingly, there appears to be a specific pattern of various auxin transporters [4] . This suggests that auxin has a central role in maintaining the undifferentiated nature of the stem cells, as has been recently demonstrated in root meristem of Arabidopsis [5] . In Populus, several molecules previously implicated in regulating shoot apical meristem identity are expressed in the cambial zone in a spatially specific manner, suggesting that they might also control cambial activity [6] .
The second powerful approach is based on the finding by Fukuda and Komamine [7] that mesophyll-derived protoplast cells from Zinnia elegans can be induced to transdifferentiate into xylem cells by treatment with a cocktail of reagents, including auxin and cytokinins [7] . These observations have been followed by genome-wide studies on gene express-ion and biochemical fractionation of differentiation-promotive and -inhibiting agents [8] [9] [10] . Based on the latter, a couple of extracellular signals have been identified. Xylogen has been purified as a differentiation-promoting substance [9] . It is a proteoglycan of molecular mass of 50 000-100 000 kDa, of which the protein part accounts for approx. 16 kDa. Based on cDNA cloning, the deduced amino acid sequence of the Zinnia gene has separate domains of similarity to both arabinogalactan proteins and non-specific lipid transfer proteins. The glycosylation is required for the biological activity of the xylogen. Xylogen is abundantly expressed in procambium and immature xylem cells. The corresponding protein was immunohistochemically detected in the apical side of the cell walls of differentiating xylem cells, suggesting that the immature cells may secrete the gene product directionally to the neighbouring cells to regulate xylem differentiation. There are two genes homologous with xylogen in Arabidopsis genome. Neither of the single mutants shows a phenotype, but the double mutant has serious problems with continuity of the vascular strands, indicating that xylogen is required for vascular development as a 'mediator' of inductive signalling related to vascular development.
Additionally, the Fukuda laboratory purified another factor, which in contrast with xylogen, strongly inhibits xylem differentiation in the Zinnia mesophyll culture [10] . Fractionation by HPLC led to the identification of the factor as a small protein homologous with the previously identified CLAVATA3-like proteins implicated in controlling cell fate in apical meristems [11] . These authors were able to show that the active peptide contains 12 amino acid residues that represent the C-terminus of the larger deduced protein [11] .
The third powerful approach has been Arabidopsis genetics, which has resulted in the identification of several informative loci regulating vascular patterning both in shoot and/or root. The PHB (PHABULOSA), PHV (PHAVOLUTA) and REV (REVOLUTA) loci (which belong to the HD-ZIPIII gene group) were originally defined by dominant mutations that affect the adaxial and abaxial polarity of leaves or stems [12] [13] [14] [15] . They develop vascular bundles in which the adaxial xylem fate surrounds the abaxial phloem fate. All of these gain-of-function mutations are located in an miR165 (microRNA165) or miR166 target sequence within a putative sterol/lipid-binding StART [StAR (steroidogenic acute regulatory protein)-related lipid transfer] domain sequence. These mutations therefore impair the spatial control of gene expression by miRNA (microRNA) species, which result in expansion of the normal adaxial gene expression domain. In contrast with the gain-of-function mutants, none of the single loss-of-function mutations in the three genes show obvious phenotypes because of functional redundancy between the three genes. However, the triple loss-of-function phb phv rev mutant shows a mirror image phenotype of the gain-offunction mutants in phloem surrounding xylem in the single radialized cotyledon [15] . These observations together suggest that the three genes are required to promote the adaxial xylem fate. The second class of genes implicated in regulation of organ polarity consists of three KANADI (KAN1, KAN2 and KAN3) genes, which code for members of the GARP (globally optimized alternating-phase rectangular pulses) transcription factor family [16, 17] . The kan1 kan2 kan3 mutant phenocopies the rev-d, phb-d or phv-d gain-of-function mutants, and has abaxial HD-ZIPIII gene expression [15] . Thus the spatial activity of class HD-ZIPIII genes seems to be negatively regulated both by miRNA species and KAN genes. The exact relationship of these two regulatory aspects remains to be determined.
Previously, a role of BRs (brassinosteroids) has been implicated in controlling the extent of cell proliferation in phloem compared with that in xylem. BR-deficient mutants form increased amounts of phloem and reduced amounts of xylem in the vascular bundles [18] . Recently, BRL1 [BRI1 (BR INSENSITIVE 1)-LIKE 1] and BRL3 were identified as BR receptors that have functions specific to vascular differentiation in Arabidopsis [19] . BRL1 and BRL3 were identified on the basis of sequence similarity to the previously identified BRI1, a leucine-rich repeat receptor kinase recently shown to bind brassinosteroids directly [20, 21] . BRL1 and BRL3 are expressed predominantly in vascular tissues, with BRL3 specifically expressed in phloem [19] . Mutant analysis of the three BR receptors suggests that they act redundantly to regulate vascular differentiation.
Arabidopsis root has become a model for plant organogenesis (see e.g. [2] ). In the Arabidopsis root, vascular cell lineages are established from the stem cells proximal to the quiescent centre [22] . Xylem consists of early differentiating protoxylem and later differentiating metaxylem (with distinct cell wall thickenings), and xylem appears to have distinct cell lineages, whereas the phloem lineages (consisting of sieve element and companion cell files) are established higher up proximal to the quiescent centre through asymmetric cell divisions that separate these lineages from the intervening pluripotent cell files that will later in development give rise to the vascular cambium. All these tissue types in the Arabidopsis root are enclosed by pericycle cells, another pluripotent cell layer that gives rise to root branching but that also contributes to the formation of vascular cambium.
A few mutations have been identified that affect root vascular morphogenesis in Arabidopsis. wol (wooden leg) was originally defined as a recessive mutation that results in reduced cell proliferation and exclusive protoxylem differentiation of the cell files within the pericycle layer [2] . WOL/ CRE1/AHK4 encodes a cytokinin receptor homologous with the two-component hybrid molecules that are common to microbial signal transduction systems [22] [23] [24] . Cytokinin species were shown to bind to the receptor and this binding was abolished in the wol mutant [24] . Similar to the microbial receptors, CRE1/WOL was shown to work through the phosphorylation cascade upon ligand binding [23] . It is expressed specifically in the vascular cylinder of the root from early embryogenesis on [22] These observations are consistent with the idea of cytokinin signalling regulating vascular-cell specification and/or cell proliferation during root development.
Subsequent analyses clarified the role of cytokinins during root vascular development. CRE1/WOL is a member of a small gene family of three members (consisting also of AHK2 and AHK3) [22, 23] . The triple cre1 ahk2 ahk3 knockout mutant, as well as ectopic expression of CKX (cytokinindegrading cytokinin oxidase) under the pCRE1 promoter, phenocopies wol [25] . This could be interpreted such that cytokinin signalling is required for vascular morphogenesis. By inducing the CKX during post-embryonic development, it is possible to observe the exclusive protoxylem differentiation phenotype characteristic of wol, even when the number of cell files in the vascular cylinder is virtually normal. This indicates that cytokinins also have a role in cell specification: protoxylem is the default cell fate in the absence of cytokinin signalling and cytokinins are required to inhibit this default identity. This view was further consolidated by analysis of two extragenic second-site suppressor mutations at the AHP6 locus [25] . They result in relaxation of the exclusive protoxylem fate characteristic of wol. In principle, a similar phenotype is seen in single ahp6 mutants, which sporadically lack protoxylem specification. The AHP6 locus encodes a 'pseudo' phosphotransfer intermediate protein homologous with bacterial signal transduction intermediates. AHP6 lacks the conserved histidine residue critical for phosphorelay and, consequently, acts as an inhibitor rather than a positive regulator for the phosphotransfer characteristic of cytokinin signalling. This indicates that the presence of AHP6 enables protoxylem specification by down-regulating cytokinin signalling. Accordingly, AHP6 is expressed at a spatially specific manner in protoxylem and adjacent pericycle cell lineages. This expression pattern during protoxylem development is consistent with AHP6's inhibitory role for cytokinin signalling in promoting the default cell identity.
Whereas the triple knockout mutant cre1 ahk2 ahk3 phenocopies wol, intriguingly the single and double mutants show an almost normal vascular pattern [25, 26] . Several intragenic suppressor mutations were identified in wol that result in premature nonsense codons [27] . This indicates that wol seems to be a special kind of mutation that can overcome the effect of the two redundantly acting loci. Very recently the molecular nature of this negative activity was shown to be a phosphatase activity on the phosphorelay [27] . Thus CRE1/WOL is a bifunctional kinase/phosphatase, whose activity on the phosphoload of the signal transduction depends on the status of cytokinin binding. Under high cytokinin concentration, the prevailing kinase activity by CRE1/ WOL results in phosphorylation of the phosphotransfer intermediate substrates, which relay the phosphorus further to the nuclear response regulators, whereas under low cytokinin concentration the prevailing activity by CRE1/WOL is dephosphorylation. Since the wol mutation dramatically impairs the binding of cytokinin ligands and since CRE1/ WOL is the most active member of the gene family during root development (based on gene expression level), wol results in constitutive phosphatase activity of the receptor regardless of ligand binding and, thus, exclusive protoxylem differentiation. AHK2 and AHK3 do not appear to have the phosphatase activity. When CRE1/WOL was replaced by AHK2 under the pCRE1 promoter, higher cytokinin responsiveness was achieved. Secondary development and vascular cambium are initiated earlier in these plant lines than in wild-type, indicating that in addition to cell specification, cytokinins also have a role in regulating the rate of cell proliferation associated with cambial activity.
The wol phenotype is root-specific because the AHK2 and AHK3 members of the cytokinin receptor family are the principally active members during shoot development. Another mutation was identified that is required for vascular pattern systemically. A transposon insertion in the APL (altered phloem development) locus results in a recessive mutation that eliminates phloem development throughout the plant [28] . Instead, cell files with xylem identity can be variably observed in the domain of the vascular tissue normally occupied by phloem. No sieve element or companion cell-specific markers could be identified in the apl mutant. Also, some of the phloem-related asymmetric divisions were impaired, although this phenotype is subtle, suggesting the presence of other, yet unknown functions for promoting these divisions in addition to APL. This indicates that APL is required for phloem identity, and, in the absence of APL function, xylem appears to be a default identity. APL encodes a transcription factor with a Myb-like DNA-binding domain and a coiledcoil dimerization domain. Consistent with a role as a central regulator of phloem identity, APL expression is phloemspecific, although it could be seen only somewhat later during development proximal to the domain of the vascular cylinder where the phloem-related asymmetric cell divisions take place.
The fourth approach, which has only recently been applied to understand vascular development, is through functional genomics. By taking advantage of the Zinnia mesophyll system (described above), Kubo et al. [29] were able to establish a semi-synchronous cell culture based on Arabidopsis protoplasts. They monitored gene expression in a global manner and observed that a class of the NAC domain transcription factors, collectively named as VND, is abundantly expressed during xylogenesis. They showed that these have specific, yet somewhat diverse expression patterns during xylem development in Arabidopsis roots. VND6 and VND7 are expressed specifically during metaxylem and protoxylem development respectively. When VND6 is ectopically expressed under the 35 S promoter, it can alone induce xylem development with characteristic ultrastructures for metaxylem. Conversely, VND7 can induce protoxylem when ectopically expressed. This indicates that VND6 and VND7 are key regulators of xylem development. In another approach based on cell sorting and global gene expression profiling, Birnbaum et al. [30] and Lee et al. [31] have established a gene expression map during root development. They indicate many vascular cell lineage-specific genes, the role of which during xylem, phloem or procambial development will be addressed in the future.
I have indicated above four approaches that have been successfully employed to gain insights as to how multicellularity is controlled at a molecular level during vascular morphogenesis. These concepts have used a variety of different species and looked at different stages of vascular morphogenesis. When these studies are drawn together to produce a holistic vision it becomes apparent that our knowledge is quite fragmented.
Therefore one of the future challenges is to test how universal the identified signals are in various species or organs and how much they account for the dynamics of vascular patterns. The simple anatomy of the Arabidopsis root in combination with gene expression maps and good genetic resources may be important for obtaining such a view.
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